P HOSPHORUS (P) and other adsorbed chemicals, such as pesticides, are released from a thin layer of surface soil that interacts with rainfall and runoff In chemical transport models, the thickness of the interaction zone is determined by model calibration with experimental, data, with depths ranging between 2.0 and 6.0 mm (Donigian et aI., 1977) , or is fixed at 10 mm, assuming that only a fraction of the chemical present in this depth interacts with rainfall water (Frere et aI., 1980) . Recent studies placing 32p as a tracer at several soil depths, have shown that the degree of interaction between soil and rainfall-runoff water was maximum at the surface, and decreased very rapidly with depth (Ahuja et aI., 1981) . In addition, Ingram and Woolhiser (1980) , using CaS04 in soil boxes under simulated rainfall showed that the mixing zone depth was influenced by slope, rainfall intensity, and runoff energy. Thus, the zone of uniform interaction assumed by Donigian et aI. (1977) and Frere et al. (1980) realistic. For practical purposes, however, Ahuja et al. (1981) proposed an effective depth ofinteraction (EDI), defined as the thickness of surface soil in which the degree of interaction is equal to that at the soil surface. In an associated study, Sharpley et al. (1981) calculated EDI using the following model describing the kinetics of soil P desorption by runoff water; P, = (K Po EDI Db t a WP)/V [1] where P, is the average dissolved reactive P concentration ofrunoff(J,Lg L-1), Po the Bray I P content (mg kg-I) of surface soil (0-10 mm), Db the bulk density of soil (Mg m-3 ), t the mean residence (or contact) time of runoff water on the soil box during the rainfall (min), Wthe water/soil ratio during rainfall (cm 3 g-l), V the runoff volume per unit area during the event (mm cm 2 ), and K, u, and {1 'constants for a given soil. The EDI's determined by both the physical (Ahuja et aI., 1981) and chemical (Sharpley et aI., 1981) methods agreed closely for Bernow (Glossic Paleudalfs) (2.1 and 2.2 mm, respectively) and Houston Black soils (Udic Pellusterts) (2.4 and 1.8 mm, respectively) under a 30-min rainfall of 60 mm h -1 and 4% soil slope. This agreeme.nt substantiates the use of the chemical method to investigate the effects of certain soil and experimental variables on ED!. These studies found that EDI increased with an increase in rainfall intensity and soil slope, concluding that as rainfall and runoff energy increased, EDI increased. For example, Sharpley et al. (1981) calculated an increase in EDI from 2.21 to 6.02 mm when rainfall intensity and soil slope were increased from 60 to 120 mm h -1 and 4 to 8%, respectively. Ahuja et aI. (1982) presented a conceptual model for the dependence ofEDI on rainfall energy, soil slope, slope length, and runoff rate, which is analogous to a physical soil erosion mechanism. Their experimental data on the effect of these variables on P concentration in runoff were in agreement with the terms in the model. Further experimental measurements are needed, however, to determine the constants in this model and test their generality or relationship to some easily measured soil properties. Since a constant EDI is presently used in chemical transport models, inclusion of relationships describing EDI variability will improve model versatility and prediction.
This paper reports an investigation of the effect of rainfall intensity, soil slope, crop residue incorporation, and crop cover on EDI for several soils under simulated rainfall.
ABSTRACT
The effective depth of interaction (EDI) between surface soil and runoff (the thickness of surface soil in which the degree of interaction is equal to that at the soil surface) was determined for five soils of varying physical and chemical properties under simulated rainfall, in order to quantify the effect of rainfall and soil characteristics on EDI. For all soils EDI increased (1.30-37.43 mm) with an increase in rainfall intensity (50-160 mm h-1 ) and soil slope (2-20 % ), although the magnitude differed between soils. The effect of rainfall intensity was attributed to increased runoff energy enhancing mixing in the surface soil and was also a function of soil aggregation. The magnitude of the EDI increase with increasing soil slope was independent of soil type being a function of runoff energy alone. An avg 73 % reduction in EDI following the incorporation of 100 kg wheat straw (Triticum aestivum L. sp.) ha-1 and 80 % reduction with a O.5-mm 2 mesh screen, simulating crop cover, was obtained compared to the control (3.36 mm). For all soils the logarithm (In) of soil loss was linearly related to the In ED!. This is to be expected since factors affecting EDI (rainfall intensity, runoff energy, and soil aggregation) also influence soil loss. Regression slope of the logarithmic relationship was similar (at t,he 5.0 % level) for all soils, and regression intercept was related to soil aggregation. Thus, EDI and the effect of rainfall and soil management can be estimated from soil loss. This relationship will improve the prediction of adsorbed chemical (P and pesticides) transport in solution, since chemical transport models presently use a fixed EDI value. deep), with 95 mg P kg soil-J added as K 2 HP0 4 to a 40-mm depth during packing (equivalent to surface applications of 50 kg P ha-1 ). The soils were slowly wetted by a drip system to saturation, with a 3-d period allowed before application ofrain by a capillary-tube-type rainfall simulator (Munn and Huntington, 1976) . Rainfall was applied for 30 min at intensities of 50, 70, 90, 110 , and 160 mm h-1 to soil at 2, 4, 6, 8, 12 , and 200/0 slopes. Wheat straw (Triticum aestivum L. sp.) was ground (2 mm) and mixed with Durant, Houston Black, and Ruston soil at rates of 0.4, 1.0, 2.0, 3.0, and 4.0 g straw kg soil-J (equivalent to incorporations of 0.5, 1.25, 2.5,3.75, and 5.0 Mg ha-1 to a depth of 150 mm). The wheat straw-soil mixture was brought to field capacity with water and rewet when dry. At the end ofa 182-d incubation period at 25 ± 2°C, wheat straw-soil mixture was packed in runoff boxes and prewetted to saturation before rainfall application at several intensities and soil slopes. Screens of 0.5-, 1.0-, 4.0-, and 9.0-mm 2 mesh were placed 50-mm above and parallel to the soil surface and rainfall applied at several intensities and soil slopes. It is suggested that these screens, by intercepting varying amounts of rainfall, will simulate varying degrees of rainfall energy reduction by vegetative soil cover (Ahuja et aI., 1982) .
Surface runoff samples (50 mL) were collected at the initiation of runoff: and subsequently once every 5 min for determination of reactive P concentration by the colorimetric method ofMurphy and Riley (1962) . Sample analysis was initiated within 10 min of collection, by centrifugation (266 km S-1) to facilitate filtration (0.45 /-Lm). The Bray I extractable P content ofa soil sample (0-10 mm) taken from each box immediately before a rainfall, was determined by shaking 2-g soil in 20 mL of 0.03 M NH 4 F and 0.025 M Hel for 5 min (Bray and Kurtz, 1945) . Sediment concentration of runoff was measured as the difference in weights of duplicate 250-mL aliquots of unfiltered and filtered samples after evaporation to dryness.
The particle-size distribution was determined by pipette analysis (Day, 1965) , following dispersion of the samples with sodium hexametaphosphate. Undispersed samples were analyzed after shaking with water on an end-over-end shaker for 15 min. The degree of soil aggregation is represented by the ratio of the proportions of clay-sized material « 2 /-Lm) in dispersed and undispersed soil.
Values of the constants K, ex, and {3 of Eq.
[1] were calculated from the ratio of percent clay/organic C content of each soil (Sharpley, 1983) .
RESULTS AND DISCUSSION
Physical and chemical properties of the soils used varied widely (Table 1) . For each soil and rainfallrunoff event, EDI was calculated using Eq. [1]. The mean flow weighted soluble reactive P concentration of runoff: P r , was calculated from samplings during each event, storm duration, t, was 30 min, and constants K, lX, and 13 used for each soil are presented in Table 1 . The value of W for each runoff event was determined as the ratio of runoff volume ('V) and mass of interacting soil (ie. EDI . Db). The mean residence time of runoff water on the soil box during each rainfall was determined as the time from the start of rainfall to runoff initiation. All treatments were duplicated and the following results are average values.
Rainfall Intensity and Soil Slope The effective depth of interaction between surface soil and runoff increased linearly with an increase in rainfall intensity at each soil slope used ( Fig. 1 and  2) . At a given rainfall intensity, however, EDI increased exponentially with increasing soil slope ( Fig.  1 and 2 ). Houston Black and Ruston are given as examples since they represent the minimum and maximum EDls obtained at each rainfall intensity and soil slope (summarized in Table 2 ). Similar relationships between EDI and rainfall intensity and soil slope were also obtained for Durant, Kirkland, and Pullman soils (data not presented).
The observed increase in EDI with increasing rainfall intensity and soil slope, results from more turbulent mixing in the zone of interaction. However, a positive interaction between rainfall intensity and soil slope was observed ( Fig. 1 and 2 ). For example, EDI at 160 mm h-1 rainfall intensity and 2% slope plus 50 mm h-1 intensity and 20% slope (8.49 and 27.17 mm for Houston Black and Ruston, respectively) was less than the EDI at a 160 mm h-1 intensity and 20% slope (13.34 and 37.43 mm for Houston Black and Ruston, respectively).
Regression slopes of the linear relationship between rainfall intensity and EDI (representing the relative effect of increasing rainfall intensity on EDI) (summarized in Table 3 ) were significantly related (at the 5% level) to the degree of soil aggregation at each soil slope used (R2 of 0. 76, 0.80, 0.85, 0.90, 0.75, and 0.82 for 2, 4, 6, 8, 12, and 20% slopes, respectively) . Thus, the relative increase in ED!. with increasing rainfall intensity is greater in well aggregated compared to poorly aggregated soils. In addition, regression slope for each soil increased with an increase in soil slope (Table 3 ). The magnitude of this increase in regression slope was significantly related (at the 50/0 level) to soil aggregation (R2 = 0.73). Consequently, the increased effect of rainfall intensity on EDI with increasing soil slope was also a function of soil aggregation. Regression slopes of the linear relationship between soil slope and logarithm EDI (representing the effect of increasing soil slope on EDI) (summarized in Table 3) , were similar for all soils at each rainfall intensity, except for Houston Black (significant at the 5% level as de- 
Depth of interaction
orporation of 5.0 Mg straw ha-1 reduced EDI 86, 82, and 84% for Durant, Houston Black, and Ruston, respectively, compared to no straw at a 50 mm h-1 rainfall intensity and 2% soil slope. In comparison, only a 43, 41, and 44% reduction in EDI was obtained at the 160 mm h -1 rainfall intensity and 20% soil slope for Durant, Houston Black, and Ruston, respectively. It is apparent, however, that wheat straw incorporation can result in a large reduction in EDI and, thus, affect the transport of P in runoff Although the magnitude of this effect will differ from that in the field, due to less uniform residue size and incorporation, the same principles should hold.
The reduction in EDI following wheat straw incorporation may be attributed to an increase in water depth caused by greater hydraulic resistance and physical protection of the soil surface by the straw, decreasing the effect of runoff energy on turbulent mixing. In fact at wheat straw applications> 2.5 Mg ha-1 , little soil was exposed at the surface. No statistically significant difference in soil aggregation for soils with and without straw incorporation was observed. Consequently, the reduction in EDI following straw incorporation should not be influenced by a change in soil aggregation. When 5.0 Mg straw ha-1 was applied on the surface, protecting the soil from raindrop impact, an even greater reduction in EDI was observed for Durant (0.81-0.47 mm), Houston Black (0.54-0.23 mm), and Ruston (0.54-0.23 mm) soils compared to straw incorporation (5 Mg ha-1 ) at the same rainfall intensity (70 mm h-1 ) and soil slope (4%). Soil Cover As the mesh size of a screen placed 50 mm above the soil was increased, EDI increased (Fig. 4) . How- 
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Rainfall able 2. Depth of surface soil-runoff interaction at several rainfall intensities and soil slopes.
Crop Residue As the amount of wheat straw incorporated in the surface soil increased, a decrease in EDI was measured (Fig. 3) . This decrease was apparent over a range in rainfall intensity, soil slope, and soil type with Houston Black, Durant, and Ruston presented as examples of fine, medium, and coarse textured soils. However, the reduction in EDI with wheat straw incorporation was greater at lower runoff energies. For example, intermined by analysis of covariance). Thus, the magnitude of the EDI increase with increasing soil slope was a function of runoff energy rather than soil type, in contrast to the effect of rainfall intensity on EDI.
There are two physical processes involved in the development and maintenance of EDI during a runoff event, raindrop impact on the soil surface initiating turbulent mixing of water in a thin surface zone and energy of runoff as it moves downslope. As the extent of raindrop impact increases with increasing rainfall intensity, the initial formation of EDI will be a function of the degree of soil aggregation. The greater stability of soil structure in well aggregated soils compared to poorly aggregated soils will allow a greater EDI. In poorly aggregated soils the development of a surface seal during raindrop impact and runoff will restrict EDI. Water Quality Modeling Although the dependence of EDI on rainfall intensity, soil slope and cover, and crop residue incorporation can be described by several relationships, a more simple direct method of estimating EDI and the effect of rainfall and soil management practices is needed for water quality modeling. Since the factors determining EDI, raindrop impact, runoff energy, and soil aggregation will also influence the amount of soil lost in runoff: the relationship between EDI and soil loss was investigated. The In soil loss was significantly related (at the 0.5% level) to the In EDI over a wide 67, 88, and 80% for Durant, Houston Black, and Ruston, respectively. Consequently, vegetative cover can have a dramatic effect on EDI and thus, transport of soil-derived P and other adsorbed chemicals in runoff ever, no consistent difference in the effect of mesh size on EDI was observed between soil types. By reducing rainfall energy and drop size, the different mesh sizes will simulate varying degrees of soil cover by vegetation. In fact, EDI for Durant, Houston Black, and Ruston soils at a 70 mm h-1 intensity and 4% slope with the 0.5-mm 2 mesh (0.61,0.32,0.72 mm, respectively) was only slightly greater than when 5.0 Mg straw ha-1 covered the soil (0.47, 0.23, and 0.62 mm, respectively).
The percent reduction in EDI with the 0.5-mm 2 mesh compared to no mesh, was similar for each soil slope at a 70 mm h-1 rainfall intensity and averaged The slope ofEq.
[2] is the average value for the soils used. These relationships will improve the prediction of both soluble P and herbicide transport in runoff, since earlier modeling efforts used a fixed soil depth from which soil chemicals were extracted (Sharpley et aI., 1982; Leonard et aI., 1979 (Fig. 5) . Slopes of the regression equations, shown in Table 4 , were not significantly different (at the 5.0% level as determined by analysis of covariance), consequently the effect of increased soil loss in runoff on EDI was independent of soil type. Regression intercept, however, varied from soil to soil (Table 4) . As regression intercept represents the magnitude of EDI for a given soil under certain rainfall and soil conditions, a decrease in the negative intercept value indicates an increase in EDI. A significant relationship (at the 1.0% level) was obtained between the degree of soil aggregation and intercept of the In soilloss-EDI regression (Fig. 6 ). This means that as soil aggregation increases the intercept value becomes more positive and, thus, estimated EDI will increase. This increase in EDI with soil aggregation is consistent with the data of Table 2 and earlier work (Sharpley et aI., 1981) .
The effective depth of interaction between surface soil and runoff can, therefore, be estimated over a wide range in rainfall and soil management practices from the loss of soil in runoff and soil aggregation using the following equations:
In EDI = i + 0.576 In soil loss 
CONCLUSIONS
The effective depth of interaction between surface soil and runoff increased with an increase in rainfall intensity and soil slope and cover. In contrast, a decrease in EDI was observed as amounts of crop residue incorporation in surface soil increased. At high rain intensities (> 110 mm hl ) and soil slopes (> 80/0), there is so much disturbance of the soil surface (formation of depressions and rills) that in terms of modeling soluble P transport in runoff: the EDI concept probably fails. Under these conditions eroding soil material is the interacting material. This is especially true in the soil boxes, where a sieved loose soil sample is used. Since EDI is a function of soil loss and aggregation, its inclusion in the predictive equation (Eq. [1]) will still account for rainfall and soil management characteristics. Furthermore, at high soil concentration in runoff: enrichment of fine material will be small and eroded and source soil will, thus, have similar desorption properties (i.e. constants K, a, and {3}.
A constant EDI does not exist over a watershed area under field conditions, where micro-and macrotopography route runoff through a system of rills and small channels (Khanbilvardi et aI., 1983 a, b) . As a result, localized erosion can deeply incise the soil and spatially variable discrete areas can contribute to the transport of P in runoff Application of the EDI concept to the field, therefore, is in its present form, a simplification of complex physical and chemical processes. Its inclusion in user-orientated chemical transport models, however, will improve model.versatility and prediction for varying rainfall and soil management characteristics until more complete descriptions are formulated.
